Abstract We utilized RNAseq analysis of the Aspergillus fumigatus response to early hypoxic condition exposure. The results show that more than 89 % of the A. fumigatus genome is expressed under normoxic and hypoxic conditions. Replicate samples were highly reproducible; however, comparisons between normoxia and hypoxia revealed that [23 and 35 % of genes were differentially expressed after 30 and 120 min of hypoxia exposure, respectively. Consistent with our previous report detailing transcriptomic and proteomic responses at later time points, the results here show major repression of ribosomal function and induction of ergosterol biosynthesis, as well as activation of alternate respiratory mechanisms at the later time point. RNAseq data were used to define 32 hypoxia-specific genes, which were not expressed under normoxic conditions. Transcripts of a C6 transcription factor and a histidine kinaseresponse regulator were found only in hypoxia. In addition, several genes involved in the phosphoenylpyruvate and D-glyceraldehyde-3-phosphate metabolism were only expressed in hypoxia. Interestingly, a 216-bp ncRNA Afu-182 in the 3 0 region of insA (AFUB_064770) was significantly repressed under hypoxia with a 40-fold reduction in expression. A detailed analysis of Afu-182 showed similarity with several genes in the genome, many of which were also repressed in hypoxia. The results from this study show that hypoxia induces very early and widely drastic genome-wide responses in A. fumigatus that include expression of protein-coding and ncRNA genes. The role of these ncRNA genes in regulating the fungal hypoxia response is an exciting future research direction.
Introduction
Aspergillus fumigatus is a fungal pathogen capable of causing severe diseases, such as invasive aspergillosis (IA). Molecular mechanisms of IA pathogenesis and other forms of aspergillosis are still relatively poorly understood. The ability of the fungus to persist in extreme environments may select for traits that give the fungus the ability to colonize the human host [1] . In particular, we are focused on understanding the fungal response to hypoxia. In the host lung, areas of infection have been shown to be hypoxic, defined as conditions below *1.5 % available oxygen [2] . As the infection site microenvironments in the lung of IA are characterized in part by hypoxia [2, 3] , the ability to adapt to hypoxia is a key virulence attribute of A. fumigatus and other fungi [4, 5] . We have recently reported the rapid response to hypoxia by A. fumigatus using transcriptomics and proteomics [2, [6] [7] [8] . Our studies showed a decrease in TCA cycle, ribosome biogenesis, and purine metabolism and an increase in oxidative stress response, fermentation, iron metabolism, and cell wall biosynthesis. Most importantly, our studies highlighted the interaction between sterol metabolism and hypoxia in A. fumigatus [9] . Here, we performed RNAseq to better understand very early hypoxia transcriptional responses and thus provide finer detail on the molecular mechanisms of hypoxia adaptation. Novel to this study, we observed specific down-regulation of an INSIG (insulin-induced gene)-associated ncRNA under hypoxia. INSIG genes are well studied in mammals in relation to SREBP regulation [10] [11] [12] and ncRNA regulation of sterol and lipid metabolism by miR-33 and miR-96 of INSIG-1 was recently described in humans [13, 14] . However, ncRNAs are not well studied in A. fumigatus [15] and their potential roles in gene regulation are not known. A better understanding of the molecular mechanisms of hypoxia adaptation in this human pathogenic filamentous fungus will facilitate a greater understanding of aspergillosis and is expected to reveal potential areas to exploit for improving IA patient outcomes [16] .
Methods

Strains and Growth Conditions
A. fumigatus A1163 conidia (1 9 10 6 per ml) in 100 ml LGMM (liquid glucose minimal medium, pH 6.5) were grown for 16 h shaking at 37°C under ambient light at which point the baffle flask was either harvested as the normoxia condition, or transferred to hypoxia (5 % CO 2 and 1 % O 2 ) and incubated with shaking for 30 or 120 min. Hypoxia LGMM was preconditioned in the hypoxia chamber. Mycelia were harvested at the indicated time via Buchner funnel and snap frozen in liquid nitrogen. Frozen tissue was lyophilized and RNA was extracted as described previously [9] . Total RNA was measured by Nanodrop-1000 (Thermo Fisher). Triplicates of each condition and time point were analyzed.
RNA Sample Preparation and Illumina Sequencing (RNASeq)
To identify transcriptionally active genes, extracted RNA samples were DNased using the RNeasy kit (Qiagen), and sequencing libraries were generated using the ScriptSeq kit v2 (Epicenter) following manufacturer's directions with a median insert size of 580 bp. All libraries were sequenced (seven samples per lane) using the Illumina HiSeq2000 instrument (www.illumina.com) (Table S1 ) using pairedend 2 9 100 bp reads. The reads were trimmed based on quality ([Q30). Transcripts were assembled and expression levels were estimated using the TopHat, Bowtie, and Cufflinks packages [17] [18] [19] [20] and CLC Genomics Workbench (CLC Bio). Reads were mapped at 90 % length, 90 % identity, and reads that mapped to more than one location in the genome were excluded. A minimum of four reads in each condition were required to analyze gene expression, over 88 % of genes had over four reads in every condition. The ERCC controls (Invitrogen) were used to normalize gene expression values between samples following manufacturer's instructions. ERCC transcripts showed high correlation between samples (R 2 = 0.92) demonstrating high reproducibility in sample preparation and sequencing. Differentially expressed genes between 30 or 120 min and normoxia were determined in triplicate data using SAM with a false discovery rate of zero as implemented in MeV [21] . GO term enrichment analysis was done using EASE [21] in MeV or GOEAST server [22] .
Improvement of Gene Annotations
Existing gene models were improved by comparing RNAseq-predicted transcripts using PASA [23] . Only modifications that were supported by four or more reads were accepted. 5 0 and 3 0 -UTR were detected both by comparing de novo transcripts using PASA as above and also by analyzing coverage upstream and downstream of the predicted start and stop codons of each annotated ORF. The longest continuous chromosomal regions that were covered with at least three reads were considered part of the UTRs. When candidate UTRs extended into neighboring annotated ORFs or UTRs, they were considered overlapping and were not included.
Accession Numbers and Data Availability
The RNAseq data were deposited to SRA under accession number SRP007489.
Results
Hypoxia Shows Differential Expression of a Large Fraction of the Genome
We studied transcript levels of A. fumigatus genes after a switch from normoxia to hypoxic conditions after 30 and 120 min. We obtained between 16 and 30 million reads per sample, with *90 % of reads mapped to the A1163 genome, and 66 % of the reads mapped directly to genes, including the ribosomal locus. We performed de novo transcript identification using at least three different tools and merged their predictions. We found that the correct start and/or stop boundaries of 597 genes (6 %) could be detected. Similarly, internal exon/intron boundary structures were improved for 157 genes (1.6 %), some being either novel introns, or refuting the presence of a predicted intron. Interestingly, in our small sampling we found evidence for alternatively spliced isoforms of 11 genes. We used the transcripts to identify both 5 0 -and 3 0 -UTRs for non-overlapping genes. The average UTR length was close to 600 bp, but ranged from 3 to [1,000 bp. In addition to structural variations in protein-coding genes, we found evidence of transcription for all predicted ncRNAs [200 bp [15] .
The RNAseq results showed that over 88 % of protein-coding genes were expressed, approximately 10 % of the genes with very low expression (\4 RPKM) (Table S2 ). Transcript levels spanned four orders of magnitude (10-20,000 RPKM), showing a wide dynamic range of transcript abundances. Samples of the same time point were significantly reproducible (R 2 [ 0.9) whereas comparison of any hypoxic sample with the normoxic condition was dissimilar (R 2 = 0.72). Expression analysis data showed drastic, genome-wide changes at both the 30 and 120 min hypoxia time points, with roughly 23 and 35 % of the genes significantly differentially expressed, respectively. As a general rule, if genes were repressed at 30 min their expression continued to be repressed at 120 min ( Fig. 1) , though the magnitude of the change was significantly different (see below). Functional enrichment of gene ontology (GO) terms showed repression of transcription, protein synthesis and amino acid biosynthesis at both time points (Table 1) . Pathway analysis showed that glycolysis, TCA cycle, and steroid biosynthesis were increased in response to hypoxia (Table S3) .
The magnitude of the change in transcript levels for many genes (268 up-regulated and 285 down-regulated) was significantly different between 30 and 120 min, suggesting that responses at 30 min are amplified at 120 min (Table S4) . For 126 genes, the response was delayed until 120 min, because the genes were not significant at 30 min. Seventeen known or putative transcriptional regulators were differentially regulated between 30 and 120 min (Table 2) , including some involved in stress response and cellular morphology and division (e.g., StuA). These transcriptional regulators might be responsible for propagating early responses to hypoxia for prolonged periods. 
Comparison with Microarrays and Later Time Points
RNAseq provides finer detail on the genomic and transcriptomic adaptations to varying physiological conditions compared to our previous microarrays conducted at 2, 6, 12 , and 24 h [9] . For example, a much lower limit of detection is obtained and identification of noncoding regions is possible. Due to the differences in sensitivity and dynamic range between the two platforms, neither expression levels nor fold differences between conditions are directly comparable. Instead, we compared the results from GO and pathway enrichment. The GO and pathways increased and reduced in response to hypoxia were similar between early and late time points (Tables 1 and S3) . Namely, the reduced transcript levels of ribosome biosynthesis, purine and pyrimidine biosynthesis, and proteasome activity were also observed in early time points. RNAseq data, however, did not reveal a reduction in transcript levels of oxidative phosphorylation genes at 30 min, only at 120 min. We observed a significant down-regulation at 120 min of glycan and glycerolipid synthesis. Transcript levels of ergosterol biosynthetic genes were also similarly regulated for all time points (Table S5 ). Both srbA and srbB transcripts were significantly increased at 30 and 120 min. Erg3A, erg3B, erg7, erg24, and erg25A were all significantly increased under hypoxia at 30 and 120 min. We also observed an increase in erg11A ([64-fold increase), which was not included in the microarray design. Erg3C, erg4B, and hmgA were significantly decreased for all time points. We detected the increase of erg10A (twofold to sevenfold increase), but a significant decrease of erg10B (3.5-to 11-fold decrease). The data here support our initial observations and hypothesis that transcript levels for sterol and cell wall biosynthetic enzymes are changed as a consequence of lowered precursor availability potentially leading to cell envelope structures better suited for lower oxygen concentrations. Using RNAseq, we did not detect any significant up-regulation of histone deacetylases as we had observed using microarrays, which might indicate that those genes are not affected until longer exposure to hypoxic conditions.
Hypoxia-Specific Genes
We found thirty-two genes consistently expressed only in hypoxia at both 30 and 120 min ([ 20 RPKM, Table 3 ), which are likely to be specifically responsive to oxygen deprivation. These include a sensor histidine kinase-response regulator (AFUB_101210) and a C6 transcriptional factor (AFUB_088390). The receiver domain of AFUB_101210 is 34 % identical to the Saccharomyces cerevisiae and Candida albicans SSK1, while the histidine kinase domain is 27 % identical to C. albicans NIK1. These proteins form part of a two-component response regulator system involved in hyphal development and virulence regulation. An AFUB_101210 null mutant did not have a significant growth defect or morphology change in hypoxia. Interestingly, the null mutant had a significant altered morphology when ethanol was used as the sole carbon source in hypoxia (data not shown). The data suggest that this histidine kinase might be specifically involved in ethanol utilization in hypoxia. In C. albicans, SSK1 is required for adaptation to oxidative stress [24] , and in A. fumigatus, NIK1 was associated with development, osmotic stress, and antifungal resistance [25] . AFUB_088390 is related to NIT4, a nitrate utilization transcription factor that also is involved hyphal and spore formation in Neurospora crassa [26, 27] . Interestingly, neither gene was identified among the differentially expressed genes using microarrays at later time points. These results suggest that specific transcriptional regulators are activated early during hypoxia and may activate signaling cascades that amplify and extend the response to hypoxia. Interestingly, we found evidence for a noncoding RNA (Afu-182) whose expression was high under normoxic conditions and *40 times lower in hypoxia (Fig. 2) . The 216-bp element found on chromosome 4 is conserved in A. nidulans, A. oryzae, and A. niger [15] . It is located within the 3 0 -UTR of the putative INSIG homolog (AFUB_064770). In mammals, INSIG regulates sterol homeostasis through HMGCoA reductase degradation under sterol replete conditions and sterol-mediated retention of the Scap-SREBP complex on the ER membrane [28] . In yeast, the INSIG homolog Ins1 does not participate in regulation of the yeast SREBP homolog Sre1 but regulates sterol homeostasis through interactions with HMG-CoA reductase [29] . The A. fumigatus Ins1 homolog (insA) transcript had a minor twofold reduction in hypoxia, suggesting that the ncRNA was specifically decreased compared with the proteincoding gene. Many noncoding RNAs function as antisense RNAs targeting mRNA to regulate transcription and/or translation. A motif analysis of this element identified two putative microRNAs within the locus. Predicted secondary structure revealed typical microRNA organization, approximately 65 nucleotides each with a stem loop arrangement [30] (Fig. 3) . The candidate microRNA sequences were used to identify 5 0 -seed and 3 0 pairing sequences and compared with newly identified 3 0 -UTRs for potential binding targets. Twelve genes had motifs that matched the first candidate microRNA (Table 4) , including erg5 and hmgX. Nine of those genes were significantly differentially regulated in hypoxia, three up-regulated, and six down-regulated. Five 3 0 -UTRs had potential targets for the second microRNA; however, these genes were poorly annotated and not significantly regulated under hypoxia (data not shown). The role of Afu-128 as an oxygen-sensing mechanism merits further investigation.
Discussion
In treating patients with IA, limiting fungal growth, and therefore damage to host tissues, is a major therapeutic goal. Thus, exploring and defining mechanisms of fungal growth in the context of the infection microenvironment is a significant goal expected to yield an urgently needed therapeutic advance. Hypoxia is a major component of the immediate microenvironment surrounding the fungus in the lungs during IA [2, 3] . However, mechanisms of obligate aerobic fungal adaptation to hypoxic conditions are relatively unstudied. We had previously studied the long-term adaptation of A. fumigatus to hypoxia using microarrays [9] . Here, we used a more sensitive platform to characterize early A. fumigatus kinase-response regulator. Both of these proteins share homology with regulators known to be involved in oxidative stress and nitrate metabolism in A. fumigatus and other pathogenic fungi. It is likely that early responses to hypoxia include the activation of specific transcriptional regulators, which affect transcript levels of other regulators that amplify and propagate the hypoxic signal.
The potential regulation of the hypoxia response in A. fumigatus by an ncRNA is a novel and exciting finding. Our data show that Afu-182 levels are significantly reduced under hypoxic conditions. This element is associated with the putative A. fumigatus INSIG homolog, insA. In mammals, INSIG functions as a chaperone for proteins containing sterol-sensing domains and promotes the ubiquitinylation and degradation of the HMG-CoA reductase (HMGR) [31] , thus controlling the available cholesterol precursors. When cholesterol or oxysterol concentrations within the mammalian cell increase, INSIG-driven ubiquitinylation and degradation of HMGR leads to a reduction in the available sterol precursors, and ultimately cholesterol itself [31] . In contrast, the S. cerevisiae INSIG homolog, Nsg1p, although also involved in regulation HMGR abundances, stabilizes the protein and protects it from proteosomal degradation [32] . The role of ncRNAs in lipid and sterol metabolism in mammals is beginning to be understood. Several microRNAs control posttranscriptional expression of SREBP, INSIG, and cholesterol transporters [13, 14] . A decrease of Afu-182 could be acting to promote translation of the AFUB_064770 transcript, increasing the abundance of the INSIG homolog, which in turn would result in a higher turnover of HMGR and lower accumulation of potentially toxic sterol intermediates in the cell. In addition to INSIG, we found that out of eleven additional candidate microRNA target genes, nine were differentially regulated in response to hypoxia, including two that are probably involved in sterol homeostasis (erg5 and hmgX). The actual mechanism of Afu-182 regulation of lipid metabolism and the hypoxia response in A. fumigatus is an area of ongoing research.
RNAseq data improved the annotation of the A. fumigatus A1163 genome. The resulting information allows better prediction of regulatory elements including the target sites for microRNAs as described above. The improvements from this A1163 RNAseq data combined with the AF293 improvements recently published [33] provide an invaluable resource for studying gene function, regulation, and evolution in A. fumigatus. Taken together, these data have identified new candidate genes and ncRNAs to explore in the context of A. fumigatus in vivo growth and host damage that are expected to yield a novel treatment advance for increasingly common and refractory cases of IA.
